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1.0  INTRODUCTION 


The  term  beam  jitter  refers  to  pulse-to-pulse  directional  variation  of 
the  repetitively-pulsed  laser  beam.  The  mechanisms  causing  angular  deflection 
of  one  pulse  relative  to  another  may  be  random  or  ordered.  The  importance  of 
the  angular  jitter  is  that  the  central  peak  of  the  focused  beam  will  not  be 
stationary  in  the  focal  plane  but  move  from  pulse-to-pulse  distributing  the 
repped  laser  flux  over  an  enlarged  area.  When  the  jitter  is  a  significant 
fraction  of  the  peak  width  the  effectiveness  of  the  flux  is  reduced. 

The  purpose  of  this  test  program  was  to  develop  and  test  techniques  for 
measuring  pulse-to-pulse  beam  jitter  for  ABEL-type  CU^  lasers.  The  jitter 
magnitude  for  various  conditions  in  a  repped  flowing  cavity  was  to  be  measured 
to  determine  the  sensitivity  to  various  laser  parameters  and  design  variables. 
The  data  was  to  be  used  to  identify  and  discriminate  between  the  possible 
sources  of  beam  jitter. 

Tests  were  performed  using  the  Humdinger  laser  which  has  the  same  basic 
flow  geometry  as  ABEL. 

The  tests  consisted  primarily  of  two  types:  IK  jitter  measurements  and 
visible  beam  characterization.  The  IR  measurements  were  direct  measurements 
of  the  pulsed  10. 6  ym  beam  extracted  from  the  laser  cavity  with  an  unstable 
resonator.  The  visible  characterization  tests  used  a  visible  wavelength  cw 
laser  beam  to  probe  the  laser  cavity  and  beam  path  for  simulation  of  the  IR 
beam  steering  effects.  An  external  reference  beam  was  also  used  to  monitor 
mirror  stability  and  potential  beam  deflections  in  the  external  beam  path  in 
the  room  air. 

Using  the  measurement  techniques  described  here,  displacement  of  the 
focal  spot,  a  small  fraction  of  a  peak  width,  were  measured.  Approximately 
±  5  urad  was  resolved  for  peaks  having  a  (half-power)  radius  of  120  prad. 

The  tests  reported  here  looked  at  an  apertured  portion  of  the  Humdinger 
output  beam.  The  IR  data  were  taken  mostly  with  a  4.5  cm  round  aperture  and  a 
few  runs  with  a  9.0  cm  aperture.  The  difference  between  the  4.5  cm  and  9.0  cm 
data  was  less  than  the  shot-to-shot  variation  or  scatter  in  the  data.  The  4.5 
cm  aperture  data  were  slightly  more  symmetric  and  thus  easier  to  measure.  It 
was  therefore  used  to  survey  the  beam  motion  under  the  various  conditions. 

The  visible  beam  measurements  were  taken  with  a  small  (1.2  cm  diameter) 
aperture  and  yet  the  magnitudes  of  the  jitier  measured  this  way  were  very  sim¬ 
ilar  to  the  IR  data  with  large  apertures  (4.5-9  cm).  Our  experience  on  this 
device  indicates  that  the  jitter  is  a  very  weak  function  of  aperture  size. 
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The  laser  components  consisting  of  core  cavity,  mufflers  and  aerowindow 
were  tested  at  various  flow  rates,  rep-rates  and  power  levels.  The  resu  ts 
were  that  except  for  an  anomalous  problem  (presumably  easily  correctable)  with 
one  of  the  mufflers,  the  beam  jitter  was  dominated  by  refractive  effects  in 
the  core  laser  cavity.  A  baseline  jitter  of  about  20  yrad  was  observed,  which 
increased  for  high  flow  rates  and  high  rep  rates  (30-50  pps). 


The  visible  probe  beam  tests  demonstrated  that  the  beam  jitter  is  not 
caused  by  air  breakdown  or  thermal  blooming  effects  of  the  high-power  IR  beam. 
The  probe  beam  also  made  it  possible  to  sample  times  between  the  laser  dis¬ 
charge  pulses  and  during  the  flow  before  pulsing  starts. 


The  tests  indicate  that  both  gas  flow  and  disturbances  from  the  previous 
discharge  pulses  are  contributors  to  jitter.  The  flow-only  component  Ipits 
the  single  pulse  beam  pointing  precision.  The  flow  only  refractive  variations 
are  presumably  thermal,  so  some  temperature  measurements  of  the  gas  at  differ¬ 
ent  points  in  the  flow  system  were  made.  These  are  discussed  in  Section  6.U. 
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2.0  MEASUREMENT  TECHNIQUES 


Two  types  of  jitter  diagnostic  techniques  were  developed  and  tested.  One 
measures  the  infrared  (10.6  ym)  beam  jitter  directly  and  the  other  involves  a 
visible  beam  characterization  of  the  laser  cavity  using  a  probe  beam  (at 
0.633  ym).  A  second  probe  beam  was  also  used  as  a  reference  monitor  for  mir¬ 
ror  vibration  and  beam  steering  due  to  density  gradients  in  the  room  air. 


2.1  INFRARED  MEASUREMENT  TECHNIQUE 

The  beam  path  for  the  infrared  (IR)  beam  jitter  measurements  is  shown  in 
Figure  1.  A  circular  aperture  (between  4.5  and  9  cm  diameter)  was  used  to  de¬ 
fine  the  beam  cross  section.  A  16-m  focal  length  mirror  was  used  to  focus  the 
beam.  The  beam  was  recorded  at  the  focal  plane  with  thermal  sensitive  film  on 
a  rotating  drum.  The  angular  velocity  of  the  rotating  drum  was  adjusted  to 
record  up  to  20  pulses  on  the  circumference  of  the  drum  during  one  revolution. 
Stationary  crosshairs  were  positioned  1—2  mm  in  front  of  the  rotating  drum 
surface.  The  0.001  in.  crosshairs  left  a  shadow  in  the  recorded  images  which 
was  used  as  a  coordinate  system  for  measuring  the  position  of  the  center  of 
each  focal  image. 

A  recorded  IR  pulse  train  is  reproduced  in  Figure  2.  The  coordinates  of 
the  spots  were  measured  using  a  strip  projector  to  magnify  the  images  20  times. 
The  center  of  the  image  on  the  screen  was  determined  manually  by  fitting  a 
circle  to  the  inner  ring  in  the  pattern  with  a  compass.  The  X  and  Y  coordin¬ 
ates  of  this  center  were  then  measured  in  mm  relative  to  the  crosshair.  The 
best  measurement  precision  was  obtained  by  reducing  the  exposure  intensity  on 
the  film  as  in  Figure  3.  The  beam  intensity  was  varied  using  attenuators  in¬ 
serted  in  the  beam  in  front  of  the  aperture.  Two  types  of  attenuators  were 
used.  One  is  a  transmission  grating  consisting  of  a  linear  array  of  copper 
wires.  The  transmission  can  be  varied  by  adjusting  the  effective  number  of 
wires/in.  from  20  to  60.  Two  orthogonal  arrays  of  this  type  were  used.  The 
second  type  of  attenuator  is  a  transmission  grating  consisting  of  a  two- 
dimensional  array  of  circular  holes  in  a  copper  sheet.  Fixed  near-field 
transmissions  of  8,  14,  33  and  50  percent  were  available.  The  far-field 
transmission  is  equal  to  the  square  of  the  near-field  transmission. 

At  reduced  exposure  the  precision  of  the  measurements  of  the  magnified 
(20  X)  images  was  +  1/20  mm  which  corresponds  to  +  3.4  yrad.  Figures  4  and  5 
show  two  of  the  pulses  from  Figure  3  magnified.  It  is  apparent  from  the  posi¬ 
tion  of  the  spots  relative  to  the  crosshair  shadow  that  the  beam  axis  has 
shifted  from  one  pulse  to  the  next. 

For  each  series  of  pulses  the  X  and  Y  measurement  were  averaged  to  fino 
the  mean  coordinates.  Then  the  standard  deviation  and  oy  were  calcu¬ 
lated  for  the  run.  The  rms  angular  deviation  Ox,  ©y  were  then  given  by 
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PRIMARY  MIRROR 


HUMDINGER 


FOCUSING 

MIRROR 


K4235 


F.B.  MIRROR 


Figure  1.  IR  Jitter  Measurement  Configuration.  Focal  Length  is  16  m. 
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PULSE  4^ 


K424I 


Figure  2.  Multiple  IR  Focal  Images  Recorded  on  Rotating  Drum  with  Thermal 

Film.  Figure  is  a  contact  print  of  the  film.  The  bright  ring  in 
the  images  results  from  the  characteristics  of  the  film.  The 
outer  diameter  corresponds  to  the  film  threshold  of  0.90  J/cm2. 
Above  5  J/cm^  the  image  is  bleached  resulting  in  the  dark  center. 
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Figure  3.  Multiple  IR  Focal  Images  at  Reduced  Beam  Intensity.  4.5  cm 
aperture  results  in  a  airey  spot  diameter  of  0.93  cm  (at  dark 
rings).  Only  peak  intensity  is  recorded  on  film. 
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K42I9 


Figure  4.  10  x  Enlargement  of  Pulse  No.  15  of  Figure  3.  Each  division  on 

scale  corresponds  to  67.5  yrad. 
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Figure 


K4220 

5.  10  X  Enlargement  of  Pulse  No.  16  of  Figure  3.  Beam  has  moved 

25  ±  3  prad  to  left  compared  to  Pulse  No.  15. 
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where  the  focal  length  f  is  16  m.  The  total  rms  jitter  of  the  beam  is  then 
given  by 


The  IR  jitter  data  measured  under  a  number  of  different  conditions  is 
discussed  in  Section  4.0. 

2.2  VISIBLE  CHARACTERIZATION 

A  visible  wavelength  (0.633  pm)  beam  of  light  was  used  to  characterize 
the  laser  cavity  under  flowing  and  discharge  conditions.  The  refractive  beam 
deflection  effects  do  not  scale  with  wavelength,  but  with  the  index  of  refrac¬ 
tion  of  the  gas.  Since  the  index  at  10.6  um  is  virtually  the  same  as  at 
0.633  pm  the  magnitude  of  the  visible  beam  jitter  is  the  same  as  the  IR  jitter. 
This  technique  is  useful  for  investigating  flow  contributions  to  jitter,  beam 
motion  between  pulses,  and  the  frequency  spectrum  of  induced  beam  motion.  It 
can  be  used  to  differentiate  high-power  air  breakdown  heating  effects,  and 
thermal  blooming  or  nonlinear  absorption  in  the  beam  path  because  these  effects 
would  be  eliminated  with  the  low  power  visible  beam. 

The  configuration  used  for  the  visible  beam  measurements  is  diagrammed 
in  Figure  6.  The  beam  makes  a  double  pass  through  the  laser  cavity.  The  same 
flat  and  focusing  mirror  used  for  the  IR  measurements  were  used.  The  focal 
images  were  recorded  with  a  Hy-Cam  movie  camera  with  an  adjustable  framing 
rate  up  to  10,UU0  fps.  For  these  tests  framing  rates  of  1000-400U  fps  were 
used.  In  addition  a  TV  camera  and  video  recorder  were  used  to  record  some  of 
the  data.  The  TV  was  useful  in  setting  up  the  experiment,  eliminating  vibra¬ 
tions  in  the  optics  and  tracking  down  thermal  gradients  in  the  room.  However, 
the  higher  framing  rates  of  the  Hy-Cam  made  it  more  suitable  for  recording  the 
laser  cavity  jitter  data  (the  TV  camera  framing  rate  is  only  60  Hz). 

The  movie  camera  was  used  without  a  lens  so  as  to  record  the  focal  spots 
directly  on  the  film.  Crosshairs  were  mounted  on  the  camera  aperture.  The 
shadow  of  the  crosshairs  in  the  focal  image  was  used  as  a  coordinate  system 
for  measuring  the  position  of  the  center  of  each  image  on  the  film.  The  images 
were  projected  on  a  screen  at  50  X  and  the  coordinates  of  each  spot  measured 
as  for  the  IR  images  discussed  earlier. 
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FOCUSING 

MIRROR 


K4240 


MOVIE  CAMERA 


Figure  6.  Visible  Probe  Beam  Path.  Probe  beam  has  virtual  focus  at  focal 
plane  of  primary  mirror.  Collimated  beam  is  apertured  to  1.3  cm 
diameter. 
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A  second  visible  light  beam  was  used  as  a  reference  beam  for  monitoring 
mirror  stability  and  disturbances  from  thermal  gradients  in  the  room  air  along 
the  beam  path.  The  beam  path  for  the  reference  beam  is  illustrated  in  Fig¬ 
ure  7.  The  reference  beam  senses  all  the  mirrors  in  the  optical  system  with¬ 
out  going  through  the  laser  cavity.  The  reference  beam  passed  through  the 
same  aperture  used  for  the  cavity  beam.  A  prism  was  used  to  deflect  the  ref¬ 
erence  beam  into  the  movie  camera  so  that  both  beams  could  be  recorded  simul¬ 
taneously. 

For  a  circular  aperture  the  dark  ring  in  the  Fraunhoffer  diffraction 
pattern  subtends  an  angle  e,  given  by 


©  =  2.44  ^ 

where  x  is  the  wavelength  of  the  light  and  d  is  the  diameter  of  the  aperture. 

A  1.3  cm  aperture  was  used  with  the  visible  beam  and  a  4.5  cm  aperture  with 
the  IR.  The  size  of  the  airy  pattern  is  summarized  in  Table  1  and  compared 
with  the  IR  airy  pattern. 

The  visible  probe  beam  jitter  measurements  must  be  adjusted  before  com¬ 
paring  them  with  the  IR  jitter  data.  The  deflection  angles  introduced  by  the 
laser  cavity  are  magnified  by  the  confocal  resonator.  The  schematic  diagram 
in  Figure  8  compares  the  deflection  of  the  probe  beam  with  that  of  the  oscil¬ 
lator  (IR  beam).  Any  beam  steering  in  the  laser  can  be  treated  as  tilt  in  the 
primary  mirror  Mi.  Assume  M]_  is  tilted  through  an  angle  ©.  Then  the 
probe  beam  is  deflected  through  an  angle  2©. 


as  =  2© 


The  resonator  axis  on  the  other  hand  is  determined  by  a  line  connecting  the 
centers  of  curvature  of  the  two  mirrors.  When  the  primary  mirror  Mj^  is 
tilted  through  an  angle  ©  its  center  shifts  from  to  Ci'  a  distance 
R^©.  The  oscillator  axis  is  thus  shifted  through  an  angle  agsc  where 

R^© 

“osc  =  “IT 


For  a  confocal  resonator  both  mirrors  have  a  common  focus  at  f  halfway  between 
each  mirror  and  its  center  of  curvature  hence. 


D 


Rl  R, 


Thus 


2  R^e 
“osc  =  R^  --R^ 
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Figure  7.  Reference  Beam  Path.  Beam  senses  all  mirrors  in  the  system  without 
going  through  laser  cavity.  Thermal  gradients  in  room  air  are  also 
detected . 
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TABLE  1.  FOCAL  SPOT  CHARACTERISTICS 


\ 

APERTURE 

DIA 

DARK 

“DIA" 

RING 

"RADIUS" 

HALF-POWER 
POINT  "RADIUS" 

90  PERCENT 

POWER  POINT  "RADIUS" 

10.6  pm 

9  cm 

290  urad 

145  u^ad 

60  urad 

24  urad 

4.5 

580 

290 

120 

49 

0.633  uni 

1.3 

118 

59 

24 

20 
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Replacing  e  with  05/2  we  obtain  the  relationship  between  the  probe  beam  de¬ 
flection  and  the  oscillator  deflection, 

“osc  =  R— -R-"- 


For  Humdinger 

=  28  m 
R2  =  12  m 
“osc  ^  1*75  ttg 

The  probe  beam  jitter  measurements  must  therefore  be  multipliea  by  1.75  to 
project  the  magnitude  of  jitter  which  would  result  when  the  oscillator  is  used. 
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3.0  PRELIMINARY  TESTS 


A  number  of  preliminary  tests  were  performed  prior  to  detailed  IR  and 
visible  jitter  measurements  of  the  laser  cavity  in  the  various  configurations. 
These  tests  involved  visible  cavity  beam  and  reference  beam  tare  measurements 
without  flow  or  discharge  to  check  out  the  stability  of  the  system.  These 
were  followed  by  reference  beam  tests  with  flow  and  then  with  discharge.  Dur¬ 
ing  these  tests  one  of  the  mirrors  in  the  reference  leg  was  found  to  vibrate 
(~  10  yrad)  during  gas  flow.  This  was  eliminated  by  mounting  on  rubber.  No 
vibration  of  the  mirrors  for  the  cavity  beam  was  detected. 

The  limitation  on  the  stability  of  the  system  was  found  to  be  deflection 
from  thermal  gradients  in  the  room  air.  By  turning  off  the  building  heating 
system  the  baseline  jitter  (for  both  the  probe  beam  and  the  reference  beam) 
was  reduced  from  10-15  urad  to  3-5  prad.  Therefore,  all  the  subsequent  tests 
were  performed  with  the  heating  system  blowers  turned  off. 

The  stability  of  the  tare  cavity  beam  and  the  reference  beam  during  flow 
and  discharges  established  that  the  beam  jitter  observations  in  Sections  4.0 
and  5.0  are  dominated  by  the  laser  itself.  The  reference  beam  was  monitored 
during  the  visible  characterization  studies  in  Section  5.0  but  not  during  the 
IR  studies  in  Section  4.0.  Some  detailed  measurements  and  analysis  of  the 
reference  beam  are  presented  in  Sections  5.0  and  6.0.  The  tests  with  the  ref¬ 
erence  beam  demonstrated  that  vibrations  from  laser  pulsing  and  flow  did  not 
move  the  mirrors  in  the  system  and  that  the  effects  measured  are  predominantly 
the  effects  of  the  gas  medium  on  the  laser  beam. 
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4.0  Ik  MEASUREMENTS 


Using  the  measurement  techniques  presented  in  Section  2.1,  the  contribu¬ 
tions  to  the  Ik  jitter  of  each  laser  component  was  tested.  First,  the  core 
cavity  with  two  salt  windows  was  tested.  Then  one  muffler  (at  the  aerowindow 
end)  was  added.  The  aerowindow  was  then  added.  Next  the  second  muffler  was 
added.  When  the  first  muffler  was  added  the  salt  window  was  moved  from  the 
core  cavity  to  the  outside  of  the  muffler.  When  the  aerowindow  was  added  the 
salt  window  was  removed.  The  second  salt  window  was  removed  when  the  second 
muffler  was  added. 

The  Ik  tests  were  performed  primarily  with  the  gas  mixture: 

N2:  CO2:  H2:  He 
3  1  0.08  0.55 


This  gas  has  the  property  that  its  index  of  refraction  matches  the  index  of 
nitrogen  which  was  the  only  gas  available  for  aerowindow  flow  at  the  time  of 
these  tests.  (This  was  because  of  the  refurbishment  of  the  ABEL-Humdinger  gas 
facility.)  The  tests,  therefore,  test  all  beam  steering  contributions  except 
the  potential  index  change  from  aerowindow  to  room  air  when  a  non-index  matched 
gas  such  as  3He:  2  N2:  1  CO2  are  used. 

In  the  core  cavity  configuration  (with  two  salt  windows),  the  Ik  jitter 
was  measured  for  several  flow  rates  and  rep-rates.  Figure  9  shows  the  mea¬ 
sured  flow  rate  dependence  of  the  Ik  jitter.  Data  with  rep-rates  from  10  to 
40  pps  is  shown.  The  trend  of  increasing  rms  jitter  with  increasing  flow  rate 
is  evident. 

Figure  10  shows  the  rep-rate  dependence  of  the  IR  jitter  at  low  flow 
rates.  Figure  11  shpws  the  dependence  at  high  flow.  In  both  figures  an  in¬ 
crease  of  jitter  with  increasing  rep-rate  is  apparent.  Clearly  both  flow  and 
rep-rate  play  a  role. 

Figure  12  shows  the  jitter  dependence  on  the  discharge  energy  loading. 

The  effect  is  not  large,  the  variation  being  not  much  larger  than  the  scatter 
in  the  measurements.  This  weak  loading  dependence  is  evidence  that  the  jitter 
is  not  caused  by  air  breakdown  effects  of  the  high  intensity  Ik  laser  beam. 
Some  sparkling  in  the  air  along  the  beam  path  is  visible  at  high  power,  but 
not  at  low  power.  The  sparkling  is  apparently  luminesence  of  dust  particles 
in  the  beam  path  which  doesn't  affect  the  jitter  significantly.  This  inter¬ 
pretation  is  also  supported  by  the  visible  beam  data  in  Section  5.0. 
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RMS  JITTER  (^RAD) 


K3435  FLOW  RATE  (Ibs/sec) 


Figure  9.  IR  Jitter  Dependence  on  Cavity  Flow  Rate;  Cavity  Core  Flow  with 

Salt  Windows.  Each  point  represents  one  10-20  pulse  laser  burst  at 
rep-rates  between  10  and  40  pps. 
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Figure  10.  IR  Jitter  Dependence  on  Rep-Rate  at  Low  Flow  Rate;  Cavity  Core 
Flow  with  Salt  Windows.  Each  point  represents  one  10-20  pulse 
laser  burst. 
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Figure  11.  IR  Jitter  Dependence  on  Rep-Rate  at  High  Flow  Rates  (15-20  1bs/sec). 

Each  point  represents  the  rms  jitter  of  one  10-20  pulse  laser  burst. 
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RMS  JITTER  (/iRAD) 


DISCHARGE  LOADING  KILO-JOULES  IN 


K3437 

Figure  12.  IR  Jitter  vs.  Discharge  Loading;  Cavity  Core  Flow  with  Salt 
Windows.  Each  point  represents  one  10-20  pulse  laser  burst. 
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Figure  13  shows  IR  jitter  data  for  four  different  laser  component  con¬ 
figurations.  The  first,  configuration  core  cavity  was  with  two  salt  windows 
on  the  laser  cavity.  Then  one  muffler  was  added  (at  the  output  or  aerowindow 
end  of  the  laser).  Again  two  salt  windows  were  used.  Next  the  aerowindow  re¬ 
placed  one  of  the  salt  windows.  Finally,  the  other  salt  window  was  removed 
and  the  second  muffler  (at  the  primary  mirror  end  of  the  cavity)  was  installed 
and  tested. 

Each  component  change  affected  the  rms  jitter.  One  muffler  plus  aero¬ 
window  produced  much  more  jitter  than  the  core  cavity.  Clearly  there  is  a 
problem  with  the  second  muffler  which  mates  the  cavity  with  the  primary  mirror. 

The  effect  of  increasing  the  rep-rate  in  the  second  muffler  plus  aero¬ 
window  configuration  was  studied  and  the  effect  contrasts  with  that  observed 
earlier  for  the  core  cavity.  Figure  14  shows  that  increasing  rep-rate  de¬ 
creases  the  jitter. 

This  rep-rate  effect  is  the  opposite  of  that  observed  for  the  cavity 
core  flow  with  salt  windows  (Figures  10  and  11).  As  we  shall  show  in  the  vis¬ 
ible  beam  characterization  data  later,  this  muffler  jitter  is  a  "flow  only" 
effect.  It  is  likely  that  it  is  caused  by  a  thermal  boundary  layer  over  the 
primary  mirror  surface. 
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K3436 


Figure  13.  IR  Jitter  as  Mufflers  and  Aerowindow  are  Added  to  Coreflow.  Data 
is  for  10  pps,  10  Ibs/sec  flow.  Each  point  represents  one  burst 
of  10-20  pulses. 
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Figure  14.  IR  Jitter  Dependence  on  Rep-Rate  with  Two  Mufflers  and 

Aerowindow.  Each  point  represents  one  burst  of  10-20  pulses. 
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5.0  VISIBLE  CHARACTERIZATION  DATA 


The  visible  probe  beam  data  and  reference  data  presented  here  were  ob¬ 
tained  using  the  measurement  techniques  described  in  Section  2.2.  These  tests 
were  performed  with  no  CO2  in  the  gas  mix  to  suppress  lasing.  Most  were  run 
with  N2  only,  some  were  run  with  a  He  mix  (lHe:lN2)  to  simulate  the 
3He:2N2:lC02  mix  (with  the  CO2  replaced  with  N2). 

In  Figures  15  -  18  the  measured  beam  coordinates  are  plotted  for  some  of 
the  tests.  These  time  histories  of  the  beam  coordinates  are  plotted  for  both 
short  (~  10  msec)  and  long  (~  1  sec)  time  periods  for  beam  motion  between 
pulses  and  pulse-to-pulse  beam  motion.  The  latter  simulates  the  IR  pulse-to- 
pulse  beam  jitter. 

Looking  first  at  a  sample  of  the  cavity  beam  during  flow  before  the 
pulsing  starts  (Figure  15)  we  see  that  the  flow  only  jitter  is  dominated  by 
the  Y,  or  vertical,  component.  The  Y-axis  is  along  the  flow  direction.  Note 
that  for  comparison  with  the  IR  confocal  resonator  jitter  the  total  jitter 
of  7.77  should  be  multiplied  by  1.75  as  discussed  in  Section  2.2.  The  equiva¬ 
lent  resonator  jitter  would  thus  be  13.6  urad  (assuming  the  beam  steering  is 
dominated  by  the  laser  cavity). 

A  temporal  plot  of  the  reference  beam  over  the  same  time  frame  as  the 
above  is  shown  in  Figure  16.  The  total  reference  beam  jitter  is  3.15  yrad. 

If  the  cavity  beam  motion  is  the  result  of  two  independent  random  sources, 
i.e.,  (1)  the  laser  cavity  ana  (2)  thermal  gradients  in  the  room,  the  rms  jit¬ 
ter  of  the  two  effects  is  combined  as  the  square  root  of  the  sum  of  the  squares 
of  the  individual  components: 


The  magnitude 
would  be: 


°tot  V°laser  ^  ^thermal  grad 

of  correction  based  on  the  reference  measurement  in  this  case 


ri  2 

°laser  ^‘^tot  °ref 
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Figure  16.  Reference  Beam  Before  First  Pulse  =  2.30  yrad, 
oy  =  2.15  prad,  a^ot  =  3.15  prad. 


-27- 


^AVCO  EVERETT 


“laser 


I.IT  -  3.15‘ 
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The  jitter  is  clearly  dominated  by  the  laser  cavity.  This  was  true  for  all 
the  tests  examined  for  both  the  short  and  long  time  scales.  In  the  data  that 
follows,  no  numerical  correction  for  the  external  contribution  to  the  beam 
jitter  is  made.  Since  a  good  portion  of  the  reference  beam  path  is  through 
additional  room  air  beyond  what  the  cavity  beam  sees,  the  actual  correction 
should  be  substantially  smaller  than  the  measured  reference  beam  jitter.  Sub¬ 
tracting  the  reference  beam  coordinates  from  the  cavity  beam  coordinates  at 
each  point  in  time  is  not  done  for  this  reason.  The  contribution  from  the  co¬ 
incident  beam  paths  would  be  removed  by  the  subtraction,  but  the  jitter  from 
the  extra  beam  path  of  the  reference  beam  would  also  be  subtracted.  For  our 
purposes  however  the  cavity  beam  data  without  external  path  corrections  is 
sufficient. 

In  Figure  17  a  sample  of  pulse-to-pulse  cavity  beam  jitter  as  measured 
with  the  visible  probe  beam  is  shown  over  a  period  of  20  pulses.  At  each 
pulse  the  beam  coordinates  are  taken  from  the  last  movie  frame  before  the 
pulse.  This  presumably  would  be  the  location  of  an  actual  laser  pulse.  The 
total  measured  rms  jitter  of  12.9  urad  corresponds  to  a  confocal  resonator 
jitter  of  22.6  yrad. 

Reference  beam  measurements  for  the  same  20-pulse  time  period  indicate  a 
reference  beam  rms  motion  of  5.96  urad.  This  implies  that  the  actual  laser 
cavity  jitter  is  between  11.4  and  12.9  yrad.  A  reference  beam  measurement  on 
a  similar  time  scale  during  the  flow  before  the  first  discharge  pulse  indi¬ 
cated  a  motion  of  4.50  yrad.  The  reference  beam  is,  therefore,  only  slightly 
affected  by  the  discharges.  In  both  the  flow  only  and  flow  plus  discharge 
cases,  the  mirrors  and  room  air  are  stable  enough  for  us  to  measure  directly 
the  dominant  laser  cavity  jitter. 

The  pulse-to-pulse  cavity  beam  measurements  discussed  above  utilized  at 
the  last  movie  frame  before  each  pulse.  Immediately  after  each  discharge 
pulse  the  focal  image  on  the  film  disappeared  out  of  the  field  of  view  and  re¬ 
covered  as  plotted  in  Figure  18.  The  deflection  of  the  beam  was  predominantly 
in  the  horizontal  plane  representing  a  beam  deflection  toward  the  cathode  of 
200  prad.  This  is  attributed  to  the  asymmetry  in  the  Humdinger  cavity  with  a 
solid  anode  on  one  side  and  an  open  cathode  consisting  of  an  array  of  tubes  on 
the  other.  This  can  result  in  both  acoustic  and  thermal  asymmetries  after  the 
discharge.  The  acoustic  effect  results  from  the  unequal  attenuation  of  the 
shock  waves  on  the  two  sides.  The  thermal  gradient  results  from  the  mixing  of 
the  volume  of  cold  gas  behind  the  cathode  rods  with  the  hot  gas  across  the 
cavity.  The  cooler  (denser)  gas  toward  the  cathode  would  shift  the  beam  in 
the  direction  observed.  This  systematic  beam  motion  is  not  jitter  and  should 
pose  no  problem  for  beam  pointing  precision. 
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Figure  17. 


lOth  20th 

PULSE  PULSE 


Pulse-to-Pulse  Cavity  Beam  Jitter,  ox  =  6.89  yrad, 
aw  =  10.90  urad,  otot  =  12.9  prad.  Flow  rate  10  Ibs/sec, 
10  pps . 
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Figure  18.  Recovery  of  Cavity  Beam  After  First  Pulse.  Each  point  represents 
X  coordinate  of  focal  spot  in  one  movie  frame.  Framing  rate 
4000  fps.  After  27  msec  each  20th  frame  was  measured.  Flow  rate 
10  Ibs/sec. 
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Next,  we  measured  the  pulse-to-pulse  visible  beam  jitter  for  various 
conditions  for  comparison  with  the  IR  data.  Figure  19  shows  the  pulse-to-pulse 
visible  probe  beam  jitter  as  a  function  of  flow  rate.  The  configurations  were 
flow  only,  and  pulse  repetition  rates  of  10  to  30  pps.  The  data  was  obtained 
by  measuring  the  beam  position  on  the  movie  frame  just  before  each  pulse.  For 
the  flow  only  data  a  time  interval  of  1/10  of  a  second  between  frames  measured 
was  used.  For  comparison  with  the  IR  (confocal  resonator)  results  this  data 
is  multiplied  by  1.75  and  replotted  in  Figure  20.  This  plot  is  similar  to  the 
IR  plot  in  Figure  9.  In  both  the  jitter  is  about  20  prad  at  low  flow  rates 
increassing  by  a  factor  of  two  to  three  at  the  higher  flow  rates. 

Figure  21  compares  the  measured  IR  jitter  with  the  corrected  visible 
beam  jitter.  All  the  runs  at  10  pps  with  10  Ib/sec  flow  rate  were  averaged 
for  the  IR  and  then  plotted  against  the  average  for  all  the  visible  runs  unoer 
similar  conditions.  Thus,  one  point  is  plotted.  The  brackets  represent  the 
spread  in  measurements  between  the  individual  runs.  The  two  measurement  meth¬ 
ods  yield  jitter  magnitudes  nearly  equal,  the  visible  jitter  being  slightly 
higher.  This  is  attributed  to  the  difference  in  the  aperature  diameters, 

4.5  cm  for  the  IR,  1.3  cm  for  the  visible. 

One  would  expect  in  general  that  smaller  samples  of  the  same  beam  would 
tend  to  exhibit  greater  angular  jitter  than  for  the  full  beam.  This  is  be¬ 
cause,  when  the  individual  portions  are  combined  to  form  the  far  field  pattern 
of  the  full  beam,  some  of  the  jitter  of  the  individual  pieces  will  tend  to  av¬ 
erage  out.  In  effect,  uncorrelated  motion  of  different  parts  of  the  beam  will 
be  converted  to  fluctuations  in  beam  quality  and  focal  point  shape.  The  exact 
scaling  would  depend  on  the  scale  size  and  form  of  the  particular  mechanisms 
involved  in  refracting  the  beam.  Our  experience  on  this  device  indicates  that 
the  angular  jitter  is  a  very  weak  function  of  aperture  size  over  the  diameter 
range  1-9  cm. 

The  correlation  of  the  visible  jitter  with  the  IR  jitter  is  important  as 
it  establishes  that  the  beam  motion  is  not  caused  by  beam  breakdown  in  the 
air,  thermal  blooming,  or  other  nonlinear  effects  related  to  the  high-power 
beam  propagation  or  beam  extraction  process.  It  is  a  medium  effect  in  the 
laser  gas. 

In  order  to  help  sort  out  the  effects  of  the  flow  and  the  repped  dis¬ 
charge  on  the  beam  motion,  the  data  in  Figure  22  was  plotted.  Plotted  at 
0  pps  is  the  data  taken  during  the  flow  before  pulsing  started.  The  flow  data 
for  each  run  is  connected  with  a  straight  line  to  the  data  obtained  after  the 
pulsing  started.  In  each  case  the  repped  discharge  increased  the  beam  jitter 
over  the  core  flow  jitter  substantially.  The  variations  of  flow-only  jitter 
from  run-to-run  are  due  in  part  to  the  fact  that  different  flow  rates  were 
used  for  the  various  runs.  Even  among  runs  at  the  same  flow  rate  there  are 
substantial  run-to-run  variations  however. 

Next  we  look  at  the  visible  beam  jitter  as  the  mufflers  and  aerowindow 
are  added  to  the  core  cavity  in  Figure  23.  No  difference  in  the  jitter  magni¬ 
tude  was  apparent  as  one  muffler  and  then  the  aerowindow  were  added.  The  one 
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Figure  19.  Pulse-to-Pulse  rms  Jitter  of  Visible  Probe  Beam  vs.  Flow  Rate. 
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Figure  20.  Visible  Probe  Beam  Jitter  Corrected  by  Confocal  Resonator  Factor 
of  1.75. 
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Figure  21.  Comparison  of  IR  Jitter  With  Visible  Jitter.  Average  of  rms 

jitter  for  a  number  of  runs  is  plotted.  Brackets  represent  spread 
in  data. 
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gure  22.  Effect  of  Repped  Discharge  on  Visible  Beam  Jitter.  Each  line 

represents  one  run.  The  point  on  the  left  end  of  the  line  is  the 
jitter  before  the  repping  began.  The  point  on  the  right  end  of 
the  line  shows  the  level  of  jitter  with  repping  in  progress. 
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Figure  23.  Visible  Probe  Beam  Jitter  as  Mufflers  and  Aerowindow  are  Added. 
Data  is  corrected  with  confocal  resonator  factor  of  1.75. 
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muffler  (aerowindow  end)  data  was  recorded  with  the  TV  viaeo  recorder  and  is 
not  plotted  here  with  the  movie  data.  This  did  show  the  same  jitter  magnitude 
as  the  core  cavity  data  as  measured  with  the  TV  camera.  As  with  the  IR  mea¬ 
surements  (Figure  13)  the  second  muffler  (at  the  primary  mirror  end)  increases 
the  beam  motion  substantially.  The  flow  only  measurements  with  the  second 
muffler  are  as  high  as  the  measurements  with  the  repped  discharge.  This  muf¬ 
fler  effect  is  thus  a  flow  effect,  probably  a  thermal  boundary  layer  over  the 
primary  mirror.  This  is  likely  because  there  is  a  transition  section  with 
flow  connecting  the  primary  mirror  with  the  muffler  section  in  Humdinger. 

This  dead  gas  region  in  front  of  the  mirror  is  about  10  cm  long.  The  source 
of  this  thermal  boundary  layer  may  be  the  temperature  difference  between  the 
flowing  gas  in  the  cavity  and  the  mirror  surface. 
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6.0  TEMPERATURE  MEASUREMENTS 


Thermal  gradients  in  the  gas  across  the  beam  path  can  cause  beam  deflec¬ 
tion  so  some  measurements  of  the  gas  temperature  at  several  points  in  the  flow 
system  were  performed.  The  gas  system  is  shown  in  Figure  24. 

The  mixed  gas  is  in  cylinders  at  ~  2000  psi.  The  gas  is  fed  via  a  4  in. 
pipe  (~  100  ft  long)  to  a  ball  valve  and  control  orifice  (Anin  valve)  where 
the  flow  rate  is  regulated  and  the  pressure  drops  to  slightly  above  atmospheric 
pressure.  An  8  in.  pipe  carries  the  gas  to  the  laser  plenum  entrance  where  a 
set  of  orifices  distribute  the  gas  along  the  plenum  and  introduce  another 
pressure  drop  (50-100  psi).  The  adiabatic  expansion  of  the  gas  at  each  pres¬ 
sure  drop  results  in  a  reduction  in  the  gas  temperature  below  the  temperature 
of  the  pipe,  plenum  and  cavity.  The  difference  in  temperature  between  the 
walls  and  gas  can  result  in  fluctuating  thermal  gradients  in  the  delivered  gas 
flow. 


For  a  flow  rate  of  10  Ibs/sec  the  gas  temperature  dropped  from  57°F  (up¬ 
stream  of  the  regulating  valve)  to  4l“F  in  the  cavity.  At  20  Ibs/sec  the  gas 
temperature  dropped  to  32"F  in  the  cavity. 

Some  differential  thermocouple  measurements  were  also  made  to  get  an 
idea  of  the  magnitude  of  the  thermal  gradients  in  the  laser  cavity.  Two 
thermocouples  were  placed  in  the  cavity  7  cm  apart  first  with  a  horizontal 
displacement  (transverse  to  the  flow)  and  then  with  a  vertical  displacement 
(along  the  flow).  The  thermocouples  were  0.001  inches  in  diameter  with  a  time 
response  in  a  10  m/sec  gas  flow  of  better  than  1  msec.  The  thermocouple  junc¬ 
tions  were  wired  to  measure  the  difference  in  temperature  between  the  two 
points.  Figures  25  and  26  shoy;  recordings  of  the  differential  thermocouple 
measurements  with  horizontal  and  vertical  displacement.  Fluctuations  of  the 
order  of  1-2*F  are  evident  with  a  frequency  of  the  order  of  25-50  Hz. 

A  Ap/p  or  aT/T  averaged  over  the  beam  path  through  the  laser  cavity  with 
the  3N2:1C02:0.08H2  gas  mixture  will  cause  a  deflection  of  the  IR  beam 
through  an  angle 


o  = 
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Figure  24.  Humdinger  Gas  System 
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where 


W  is  the  cavity  width  (10  cm) 

Ri  and  Ro  are  the  radii  of  curvature  of  the  resonator  mirrors  (28  m, 

12  m) 

L  is  the  round  trip  beam  pathlength  (6  m) 

n  is  the  index  of  refraction  (1.0003) 

Ri/(Ri  -  R2)  is  the  magnification  factor  calculated  earlier  for 
the  contocal  resonator.  This  factor  is  multiplied  times  the  difference  in  ef¬ 
fective  path  length  for  rays  at  the  two  sides  of  the  cavity  (n-l)L  Ap/p  and 
divided  by  the  width  of  the  cavity  W  to  obtain  a  deflection  angle. 

For  the  3  meter  cavity  length,  an  average  aT  of  1°F  between  anode  and 
cathode  results  in 


a  =  58  prad 


The  thermal  gradients  in  the  gas  must  therefore  be  controlled  to  a  small  frac¬ 
tion  of  a  degree. 

One  approach  to  reducing  the  potential  for  thermal  gradients  is  to  ad¬ 
just  the  gas  temperature  in  the  plenum  and  pipe  to  match  the  wall  temperature. 
This  can  be  accomplished  by  heating  the  gas  to  compensate  for  the  adiabatic 
cooling.  For  Humdinger  the  storage  cylinders  are  housed  in  a  separate  shed  so 
the  temperature  of  the  stored  gas  can  be  varied  independently.  It  was  discov¬ 
ered  however  that  the  gas  temperature  at  the^regulating  valve  was  independent 
of  storage  temperature  over  a  wide  range  (30“F  to  lOO^F).  The  temperature  of 
the  100-foot  length  of  4  in.  pipe  effectively  regulates  the  gas  temperature. 
The  gas  temperature  can  therefore  be  controlled  by  controlling  the  temperature 
of  this  pipe  to  compensate  for  the  downstream  adiabatic  cooling.  This  method 
was  evaluated  by  wrapping  the  4  in.  pipe  with  heating  tape  and  insulation. 

The  cavity  gas  can  now  be  delivered^at  room  temperature  (or  higher)  by  setting 
the  upstream  pipe  temperature  to  90*F. 

Measurements  of  beam  jitter  were  not  performed  with  temperature  control. 
Visible  beam  tests  with  flow  only  as  a  function  of  gas  temperature  should  be 
enlightening  however. 
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7.0  CONCLUSION 


Diagnostic  techniques  for  measuring  pulsed  IR  beam  jitter  and  for  doing 
probe  beam  medium  characterization  and  mirror  monitoring  were  tested.  The 
technique  of  recording  the  central  peak  of  the  beam  with  the  shadow  of  a  cross 
hair  on  a  thermal  image  is  straightforward.  Displacements  of  the  peak  of  the 
focal  spots  down  to  3  yrad  were  measured. 

This  technique  of  measuring  the  jitter  using  the  fluence  profile  near 
the  peak  is  more  appropriate  than  measuring  the  centroid  of  the  whole  pattern, 
if  one  is  interested  in  the  question  of  damage  to  targets  at  long  range  with 
the  peak  portion  of  the  distribution. 

The  visible  probe  beam  tests  showed  that  the  visible  jitter  was  approxi¬ 
mately  equal  to  the  IR  jitter.  It  will  be  a  valuable  technique  therefore  for 
diagnostic  purposes  in  determining  sources  of  jitter  in  a  laser  system. 

In  addition  to  establishing  these  techniques  the  data  taken  on  the  Hum¬ 
dinger  laser  was  analyzed  to  identify  and  discriminated  between  sources  of 
jitter  in  a  representative  pulsed  flowing  system.  The  conclusions  for  this 
particular  system  were  the  following: 

1.  The  mirrors  were  adequately  stable  and  did  not  move  significantly 
during  repped  discharges. 

2.  The  beam  jitter  ranged  between  about  15  yrad  and  70  prad  under  vari¬ 
ous  conditions. 

3.  The  visible  beam  tests  established  that  the  beam  motion  is  not 
caused  by  air  breakdown  or  thermal  blooming  in  the  beam  path. 

4.  The  base  jitter  of  about  15  prad  was  associated  with  the  core  cavity 
flow. 

5.  Higher  flow  rates  increased  the  jitter  by  about  a  factor  of  2. 

6.  A  component  of  the  jitter  is  associated  with  disturbances  from  the 
pulsed  repping  as  evidenced  by  the  rep-rate  dependence.  At  higher 
rep-rates  (50  Hz)  jitter  increased  to  about  50  prad. 

7.  A  major  contribution  to  jitter  was  traced  to  the  primary  mirror  muf¬ 
fler. 
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8.  The  source  of  the  base  core  cavity  jitter  is  probably  cavity  therm¬ 
als  in  the  gas.  This  source  can  be  eliminated  by  stabilizing  temp¬ 
eratures  in  the  flow  system. 

9.  The  above  jitter  magnitudes  are  representative  only  in  that  the  sys¬ 
tem  was  not  optimized  for  these  tests  and  only  an  apertured  portion 
of  the  beam  was. studied.  A  full  aperture  beam  would  be  expected  to 
be  better  to  some  extent. 
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